Impact of elementary school teachers' enacted engineering
design-based science instruction on student learning success of the science teacher depends on his/her social interactions with others within the community. Therefore, learning takes place within a social setting. This setting is known as a community of practice, and it offers teachers in situated learning a chance to collaborate with other community members, which has been found to have a positive influence on teacher and student learning. 9, 10 In this study, we utilize the construct of situated learning to paint the landscape of how a university-school partnership and its related professional development activities fostered a sense of collaborative learning among elementary school teachers. By immersing fifth and sixth grade teachers in authentic, ill-structured design problems, STEM faculty helped teachers to learn firsthand how to utilize design thinking and reasoning as a way of developing their own understanding of and emerging practice for engineering design-based science instruction.
Simultaneously we leveraged the role of experienced SLED teachers as master teachers to facilitate engineering design-based science instruction during the summer professional development and within SLED schools.
As the teachers integrated various curricular activities grounded in the engineering design process, they merged key science ideas, concepts, and skills with children's use of everyday technology (e.g., simple machines at home and in school), children's ideas of current science issues and topics (e.g., water conservation and purification), and children's abilities to work collaboratively in a social setting modeling the engineer's workplace. When learning is composed of authentic tasks, we hypothesize that there is a greater probability of engagement with the task and also with the information and ideas involved with the tasks. 11, 12, 13 Authentic engineering learning tasks are more likely to hold the attention and interest of students and lead to deeper levels of engagement than other similar but more traditional (less authentic) classroom tasks.
14 Students will gain new knowledge over time and will share this knowledge among fellow community members to form a productive community of practice.
Participants of the study
The context of this study is a large, multi-year university school partnership that includes the participation of over 200 elementary/intermediate school teachers, 3,000 students, 25 STEM faculty and educational researchers. For the purpose of this study, a sub-sample of ten individual cases (five Grade 5 teachers and 180 students, and five Grade 6 teachers and 224 students) were purposefully selected from the larger population. These cases represented individual classroom teachers and their students who provided consent, completed all research-related activities, and implemented a series of similar engineering design-based science tasks over the course of one year. The teacher participants included eight females and two males. All were White, Caucasian with a range of teaching experience from at least five years to over thirty years (see Table 1 ). The demographics of the entire sample of student participants included the following: 205 females and 199 males; 246 White/Caucasian (61%); 64 Hispanic or Latino (16%); and 24 Black or African American (6%). The classrooms represented students from grade 5 (46%) and grade 6 (55%) (See Table 2 ). The demographics in this study aligned reasonably well with the larger U.S. school age population; the national percentage distribution of enrollment in public elementary schools is reported as White/Caucasian (57.8%); African American (17%); and Hispanic (21.1%). 15, 16, 17 Karina  44  20  24  11  5  0  23  0  0  4  1  Anita  39  17  22  13  2  0  19  0  0  5  0  Barry  39  17  22  1  1  1  28  1  0  6  1  Nadia  43  25  18  9  4  0  22  0  0  8  0  Susan  15  8  7  2  0  0  11  2  0  0  0  Grade 6  Cassandra  42  17  25  7  0  0  30  0  0  3  1  Matthew  40  21  19  10  4  0  18  1  0  5  2  Olive  40  20  20  7  5  0  23  1  0  3  1  Lauren  27  14  13  1  0  1  22  0  0  1  2  Helen  75  40  35  3  3  0  50  6  0  12  1 Design tasks SLED tasks include a series of standards-, engineering design-based science tasks that reinforce one or more key grade level science concepts (See Table 3 for examples): a complete list is available at https://stemedhub.org/groups/sled/design_resources). The design-based tasks were developed by multi-disciplinary teams of STEM faculty, who were recruited to participate in the project and worked in a community of practice with classroom teachers to create standardsbased, age-appropriate materials. 21 Each design challenge is viewed as a competition in which technical teams compete, not with each other, but to meet the design specifications (i.e. client's needs, goals, and constraints). A design goal such as, "Can you devise a way to trap a wolf using simple machines?" provides a challenge, dares the students to test their skills and their knowledge, and sees if they can design a prototype of a trap that fulfills all the requirements. Accompanying each challenge are exercises including concept-mapping, journaling through the use of "design notebooks," and oral reporting -designed to help students construct their personal meanings. 
Grade 5

Data collection and analysis
The research team employed a mixed methods approach, collecting quantitative and qualitative data concurrently throughout the course of the study (Creswell, 2002) . What follows is a description of methods and analytic procedures employed for data gathered among both teacher and student participants. 
Teacher participant data
Interviews. Semi-structured interviews (n=20 total) were conducted at the beginning and end of the school year to identify and characterize teachers' perceptions of engineering design, expectations and reflections of task implementation, and challenges they experienced throughout the year. Analysis and interpretation of teacher interviews involved the use of grounded theory. 18 During this process, members of the research team focused on identifying indicators of concepts and categories that fit the data. Repeatedly appearing categories, concepts, and events helped the research team construct assertions based on the events leading up to the teachers' conceptions of engineering design, plans for integrating engineering design-based tasks, and the actual implementation of engineering design tasks.
Classroom observations. The aim of classroom observations was to observe and characterize design-informed pedagogical methods employed by SLED teachers. Initially, members of the research team conducted informal classroom observations that included open field notes focusing on the teacher; specifically, his/her instructional practices exhibited during a given lesson. Based on early field notes and a review of existing classroom observational protocols (e.g., RTOP, STAMM, and ATI) and science education reform documents, the research team elected to employ a modified-version of the Inquiring into Science Instruction Observation Protocol (ISIOP) developed by Minner and DeLisi (2012) . 20 Members of the research team adapted the ISIOP protocol to address engineering practices as depicted in the NGSS by adding a series of engineering design-based instructional codes. 4, 19, 20 Examples of codes included PROB/DEF indicating that the teacher encouraged students to identify the problem statement and essential features of the design brief; PLAN/IND or PLAN/TEAM indicating individual and team planning, respectively; and CONSTRUCT and TEST representing the creation and testing of a design. Observation data were independently coded and the codes were then compared for agreement. Inter-rater reliability for the observers yielded an inter-reliability of 0.88 for the observation protocol.
Coded observation data (n=200 hours) were then assessed against an analytical rubric having 10 major categories representing the following: (a) a specific phase within the engineering design process as depicted in the SLED's design model and the literature in engineering education, and (b) one or more NGSS engineering practices (See Appendix A). 4 For example, the first phase of the design process is problem identification which is referred to as problem scoping in engineering and this phase aligns well with NGSS Practice 1 -Asking questions and defines features of an engineering problem. 1, 22 Each category within the rubric consists of five levels of performance with a 0-, 1-, 2-, 3-, or 4-point value. Four denotes the highest fidelity to the SLED's model for engineering design-based instruction (very descriptive), whereas 0 denotes the lowest, indicating no evidence or occurrence. The mean of each category rather than the total score was reported in order to highlight the findings. Therefore, a 3 or higher was indicative of engineering design-based teaching. Thus, a teacher with a high degree of fidelity to the SLED model would obtain a mean score of 3 or higher, while a teacher with a low degree of fidelity would obtain a score of 2 or lower.
Student participant data
Students' development of content knowledge was assessed using identical pre-and postinstruction tests. The tests, which were developed by the project team, were composed of multiple-choice items that were designed to probe for different levels of comprehension using low, medium, and high cognitive demand items covering both science and engineering content. Each test focused on the specific science and engineering content that was addressed in the corresponding unit design task. Example items from one of the tests are shown in Figure 1 . Tests were analyzed for item validity, and an overall Cronbach alpha reliability was calculated based on the post-test administration of the test. In grade 5, the test for the prosthetic limb task consisted of 12 items (9 science and 3 engineering), and it had a Cronbach alpha reliability of 0.56. The test for the water filter task also consisted of 12 items (9 science and 3 engineering), and it had a Cronbach alpha reliability of 0.59. In grade 6, the test for the solar tracker task consisted of 14 items (8 science, 2 math, and 4 engineering), and it had a Cronbach alpha reliability of 0.71. The test for the roller coaster task also consisted of 14 items (11 science and 3 engineering), and it had a Cronbach alpha reliability of 0.68.
The pre-instruction knowledge tests were administered at the beginning of the school year, and the post-instruction knowledge tests were administered within two weeks of the completion of the corresponding design task in the participating classrooms. Raw scores were converted to percentiles, and basic descriptive statistics were calculated for each test by classroom. To determine if students showed significant knowledge gains from pre-test to post-test, paired sample t-tests were used to compare the post-test to the pre-test means within and across teachers. To assess whether there was a relationship between the fidelity of teachers' implementation of the design-based lessons and student performance on the knowledge tests, Pearson product moment correlations were calculated between teachers' mean observational rubric scores and students' scores on the corresponding post-test. All statistical analyses were conducted using SAS 9.4 (SAS Institute, Inc.).
Figure 1. Example test assessment items (Source: SLED Roller Coaster task)
Triangulation
To determine the consistency of our findings from both the teacher and student data sets, we first reviewed fidelity of implementation results from the teacher's first and second implementations. As noted above, we then correlated the teachers' implementation scores with results from students' performance on the post-instruction tests. To confirm emerging patterns in these correlations, we used teacher interview data and original observation field notes to verify and validate assertions. Tables 5 and 6 show a breakdown of the mean scores for the ten key elements within the rubric for the ten teachers' first and second implementations.
Results
Teachers' Enacted Attempts at Engineering Design-Based Instruction
Grade 5
The overall mean score or rating for the Grade 5 teachers' first implementation was 2.60. A rating of 2 indicates low fidelity of implementation of the SLED's model for engineering designbased science instruction. The mean score for one teacher, Anita, indicated low fidelity (2.00) while three teachers, Karina, Barry, and Nadia, indicated relatively high fidelity of implementation with mean scores ranging from 2.70 to 3.30. A closer look at the Grade 5 teachers' first implementation scores suggests that the teachers placed more emphasis on identifying the problem and generating both individual and team plans and less emphasis on comparing, communicating, and optimizing performance results.
Classroom observation ratings for engineering design-based instruction were noticeably different in the Grade 5 teachers' second implementation. The overall mean score for teachers' second implementations was 3.10. All five teachers demonstrated growth in mean scores with gains ranging from 0.30 to 0.80. Mean scores for Karina, Barry and Nadia indicated high fidelity of implementation with scores ranging from 3.30 to 3.70, while Anita and Susans' mean scores increased to 2.30 and 2.70, respectively. The scores also indicate increased emphasis on comparing performance results, revising, and improving designs.
Grade 6
The overall mean score for the Grade 6 teachers' first implementation was 2.28. This was lower than the mean score for the Grade 5 teachers' first implementation. The mean score for Cassandra was the highest (2.70) while Matthew and Helen had the lowest mean scores with 2.00 and 2.10, respectively. Like the Grade 5 teachers, the Grade 6 teachers' first implementation scores suggest that the teachers focused primarily on the early phases of the design process, including problem identification and planning.
Results from Grade 6 teachers' second implementation indicated moderate gains in mean scores. The overall mean score for teachers' second implementation was 2.46. Cassandra demonstrated considerable growth with a gain of 0.70 while Olive, Lauren, and Helen demonstrated limited gains and Matthew scored lower in his second implementation. Grade 6 teachers' second implementation scores indicated that more emphasis was placed on team planning, testing, and using data to evaluate the refine design solutions. Tables 7 through 10 show a breakdown of the students' mean scores on the pre-and postknowledge tests for the two engineering design activities that were implemented at each grade level. Tables 7 and 8 show the results for grade 5 students, and tables 9 and 10 show the results for grade 6 students. Table 7 shows the knowledge test results for the Prosthetic Limb task. Across all grade 5 teachers, on average, students scored about 52% on the pre-test and about 68% on the post-test, a gain of about 16%. This gain was statistically significant (t = 10.93, p < .0001), which suggests that the grade 5 students developed their understanding of content knowledge related to scientific and engineering concepts as a result of their participation in the design-based lesson. In examining the gains across different teachers' classrooms, variability in student performance is apparent. While students across all classes improved from pre-test to post-test, gains within particular teachers' classrooms varied from a low of 4.63% (Anita) to a high of 27.78% (Nadia). Paired samples t-tests indicated that the gains for the students in the classes of Karina, Barry, and Nadia were statistically significant, while the gains for students in the classes of Anita and Susan were not statistically significant. (Note: the relatively low number of students in Susan's class may have contributed to the lack of significance.) Table 8 shows the knowledge test results for the Water Filter task. The findings are similar to those for the Prosthetic Limb task. Across all grade 5 teachers, on average, students scored about 58% on the pre-test and about 69% on the post-test, a gain of about 11%, which was statistically significant (t = 8.08, p < .0001). Gains within particular teachers' classrooms varied from a low of 3.05% (Susan) to a high of 21.37% (Nadia). Statistical tests indicated that the gains for the students in the classes of Karina, Barry, and Nadia were statistically significant, while the gains for students in the classes of Anita and Susan were not statistically significant. Table 9 shows the knowledge test results for the solar tracker task. Across all grade 6 teachers, on average, students scored about 68% on the pre-test and about 78% on the post-test, a gain of about 10%. This gain was statistically significant (t = 8.35, p < .0001), which suggests that the grade 6 students also developed their understanding of content knowledge related to scientific and engineering concepts as a result of their participation in the design-based lesson. Variability in student performance again was apparent across teachers, although these results were less variable than those of the grade 5 classrooms. Gains within particular teachers' classrooms varied from a low of 6.38% (Olive) to a high of 12.60% (Lauren). Paired samples t-tests indicated that the gains for the students in all of the classes were statistically significant, except for those in Olive's class, which approached significance at the p = .05 level. Table 10 shows the knowledge test results for the roller coaster task. Across all teachers, on average, students scored about 52% on the pre-test and about 67% on the post-test, a gain of about 15%, which was statistically significant (t = 11.29, p < .0001). These results showed some variability across teachers' classes; gains varied from a low of 13.16% (Olive) to a high of 20.82% (Matthew). Statistical tests indicated that the gains for the students in all of the classes were statistically significant. So, there was uniformly better performance across classes for this particular task.
Assessment of Students' Content Knowledge
Overall, the results suggest that students developed their understanding of content knowledge related to scientific and engineering concepts as a result of their participation in the design-based lessons. Pre-test to post-test performance of students showed increases across all tasks. However, for several of the tasks, there was variability in student performance by teacher. This observed variation in student performance may relate to the fidelity with which teachers implemented the lessons. 
Relationship of Teacher Implementation to Student Performance
To assess whether there was a relationship between teachers' implementation of the design-based lessons and subsequent student performance, Pearson product moment correlations were calculated between the overall mean scores on the teachers' observational rubric instrument, which measured the degree to which teachers' lesson implementations showed evidence of the engineering design practices encouraged by the project, and students' scores on the content knowledge post-tests for each design task. The results are shown in Table 11 (for grade 5 tasks) and Table 12 (for grade 6 tasks).
The results indicate that there were small to moderate positive correlations between teachers' implementation rubric scores and students' knowledge post-test scores in both grades 5 and 6. These correlations ranged from a low of r = 0.14254 (for the relationship of teachers' Water Filter implementation scores and students' Water Filter post-test scores) to a high of r = 0.45466 (for the relationship of teachers' Solar Tracker implementation scores and students' Solar Tracker post-test scores). These results indicate that there was a relationship between teachers' implementation of the design-based lessons and subsequent student performance. Students who were in the classrooms of teachers who had higher scores on the lesson implementation rubric had higher scores on the content knowledge post-tests. Of course, correlation does not imply causation, but these results suggest that how the teachers implemented the design-based lessons had an impact on their students' subsequent learning performance. 
Discussion
The results from teachers' enactments of engineering design-based science instruction suggest relatively high fidelity of the SLED model for design for Grade 5 teachers and somewhat lower fidelity for Grade 6 teachers. Results from first to second implementations also suggested that both Grade 5 and 6 teachers initially focused on the early phases of the design process including problem identification and planning. By the second implementation, teachers focused more on testing, comparing test results, and improving designs. Correlations between teachers' implementations and student performance on the associated knowledge tests indicated that how teachers implemented the respective design tasks had an impact on students' learning of the relevant science and engineering knowledge.
From the situated learning perspective, teachers developed a shared repertoire of curriculum resources, classroom experiences, and best practices for engineering design-based science learning and teaching. 8 We conclude that all SLED teachers engaged in the process of becoming active participants in the community with some teachers developing a higher level of proficiency or expertise (high fidelity) than other teachers. Consequently, their students demonstrated competency as well. As learners, the teachers and their students inevitably participated in the SLED community of practice and their mastery of knowledge and skill is evidenced by their full participation in the engineering design-based learning and teaching activities.
There are several possible explanations that can account for the disparity in the fidelity of implementation among the elementary school teachers profiled in this study. First, the nature of the design task must be considered. Design tasks, such as Water Filter and Prosthetic Limb, allowed for more opportunities for students to manipulate materials, construct prototypes, and gather data from testing. Other tasks, such as Roller Coaster and Solar Tracker, involved more time on constructing and creating design artifacts and limited the amount of data collected from testing. Hence, the teachers' scores reflected emphasis on some design phases versus other phases based on the type of task. We did not anticipate, nor did the data reveal, high fidelity across all phases of the design process and across all teachers. Consistent mean scores for one or more teachers suggest a level of expertise and/or comfort with using design-based instructional strategies.
The results from the student knowledge assessments suggest that students learned science and engineering content as a result of participating in all of these design tasks. When looking at student performance across all classes, we observed significant gains in students' scores from pre-test to post-test, showing that students were learning as a result of engagement in these design-oriented lessons. However, we also observed variations in student performance by teacher for most of the design activities. To determine if these variations might relate to the observed variations in fidelity of implementations, we correlated teachers' implementation rubric scores with students' knowledge post-test scores. Indeed, we observed positive and, in most cases, statistically significant relationships. These results indicate that students' performance was related to the fidelity of teachers' implementation. Students in the classrooms of teachers who demonstrated higher fidelity of implementation performed better on the knowledge tests. This suggests that the effectiveness of an engineering design-based approach to science learning is dependent, at least to some degree, on how well the teacher enacts the tenets of a design-based approach. While perhaps not a surprise, these results confirm the importance of what the teacher does in the classroom.
Conclusion and implications
The purpose of this study was to examine teachers' attempts at integrating engineering designbased science instruction and the impact their instruction had on students' learning. Results from this study suggest that how teachers integrate engineering design-based pedagogies influences how students' construct new knowledge.
There are several limitations to this study. One limitation was the design of the study. Missing from this study was a carefully matched or randomly assigned control group, allowing the research team to conduct secondary analysis and correlations relative students' performance on instructional knowledge tests. Another limitation is the sample size, in particular the class size across multiple classrooms. The class sizes for the total sample ranged from 15 to 75 students for each respective teacher. The last limitation includes demographics of the students as learners. We can only speculate that some of teachers may have had more homogeneous classes than other teachers' classrooms or perhaps a higher or lower representation of high performing students.
Implications of this study suggest that there is fertile ground for studying the integration of engineering practices in the elementary science classroom. Consideration must be given to strategically examining how elementary school students engage in design and apply core disciplinary concepts. To what extent do students utilize and connect science concepts to develop and test their designs and how enduring are these concepts? Attention must also be given to how teachers orient their existing science teaching practices to engineering design? How do they mediate their existing teaching strategies with relatively new pedagogies? What does teacher expertise in engineering design-based science instruction look like and how does this impact student learning? From these studies we can learn more about the different ways elementary school teachers and their students engage in and learn from new reform efforts in engineering education. 
APPENDIX
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Compare performance results and revise and improve designs.
Teacher does not encourage students to re-design.
Teacher limits opportunities for student to redesign, re-test or improve on the overall performance of the design.
Teacher encourages teams to improve and retest with minimal guidance. Teacher does emphasize a record of the revised solution, re-testing, or evaluation.
Teacher encourages teams to re-design one feature of the team's design and record a revised solution. Teacher limits opportunity to re-test and evaluate the performance. The re-design does not make the solution better; however, it represents a plausible attempt.
Teacher encourages teams to re-design one or more feature(s) of the team's design and record a revised solution. Students re-test and evaluate the performance. The re-design may make the solution better.
Teacher as facilitator
Teacher-student interactions throughout the design lesson are absent.
Teacher is directive or prescriptive in teaching engineering design practices. Teacherstudent interactions are minimal.
Teacher occasionally guides students by listening, observing, and questioning students.
Responses are primarily teacher-directed or initiated.
Teacher guides students by listening, observing, and questioning students. Responses emerge from students' ideas or questions. Teacher attempts to refocus students to essential elements of the design task.
Teacher guides students by listening, observing, and questioning students. Teacher builds the lesson around students' ideas and questions while continually refocusing students to the essential elements of the design task.
